Abstract. Skeletal specimens of Aechmophorus-210 occidentalis (dark "phase") and 77 clarkii (light "phase")-were analyzed morphometrically using univariate and multivariate techniques to assess interspecific and intersexual skeletal variation; variation due to age and locale also was tested. A. occidentalis generally exceeded A. clarkii in skeletal dimensions; mean differences were less than 1 mm for widths of elements and approximated 5 mm for lengths of major wing elements. Also, 5vertebral notaria were more frequent in the larger A. occidentalis than in A. clarkii. Univariate sexual dimorphism was highly significant in all skeletal measurements, dimensions of males exceeding those of females. Stepwise canonical analyses of the four species-sex groups of Aechomorphorus documented significant interspecific and intersexual differences in skeletons; interspecific differences in proportions within the pelvic limb and bill suggest differential refinement for locomotion and foraging. Multivariate sexual differences were more than twice as great as multivariate differences between species, and sexual dimorphism was significantly greater in A. clarkii than in A. occidentalis. Classification functions for skeletons of Aechmophorus of known sex permitted species identification for 85% of specimens. Identification of single elements to species does not appear to be feasible using mensural criteria. Lesser but significant multivariate variation in skeletons was attributable to age and locale of collection. Magnitude of interspecific differentiation in skeletal dimensions in Aechmophorus is small compared to that among species in other genera studied previously.
INTRODUCTION
The Western and Clark' s grebes were described as Podiceps occidentalis and P. clarkii, respectively, by Lawrence (in Baird considered separate species (AOU 1983). This and an earlier study (Dickerman 1973 ) prompted Dickerman (1986) Of the previous mensural comparisons of the two species, only that by Storer and Nuechterlein (1985) included skeletal measurements and that by Ratti et al. (1983) To provide a morphological background for future studies on ecomorphological differences and possible future morphological divergences between the species, we present morphometric analyses of skeletal variation in the northern races of Aechmophorus associated with species and sex, with secondary consideration of latitude and age-related effects (as permitted by the data). Insufficient skeletal material of the Mexican races is available for analyses of these forms. Both univariate and multivariate statistical techniques were used, considering simultaneously the maximal number of sources of variation permitted by the samples available for study.
MATERIALS AND METHODS
Most available skeletons of Aechmophorus in museum collections were taken when clarkii was included in occidentalis and therefore not identified to species according to the present concept. Hence, we relied primarily on specimens already in the collection of the University of Michigan Museum of Zoology for which such information is available. Most of these were salvaged (Nero 1960) or taken for pesticide studies (Herman et Western Grebes because of the rareness (< 1%) of Clark' s Grebes in populations there during the period of collection. Identifications of other specimens were based on the facial pattern and bill color (Storer and Nuechterlein 1985) . Flat pelts of most of the other specimens analyzed here were preserved. Specimens were sexed by examination of the gonads, and this was checked by the shape and depth of the bill. Age classes of specimens-"immatures" (fully grown but deemed young of the year) and "adults" -were determined using the size of the bursa cloacalis and relative ossification of the tarsometatarsus and the pons supratendineus of the tibiotarsus (Storer and Nuechterlein 1985) . In total, 210 skeletons of A. occidentalis and 77 of A. clarkii of known sex and locality (Table l) , as well as 15 specimens lacking data on species, sex, or locality were included in this study.
The birds from Moose Lake (Alberta), Saskatchewan, Utah, and Topaz and Eagle lakes (California) were taken on the breeding grounds, as were most of those from Clear Lake (California), although the last were taken throughout the year and may include some migrants or wintering birds. The rest were taken during the migration period or on the wintering grounds. Based on dates of collection, sizes of gonads of collected birds, and the objectives and techniques of collection, we conclude that at least 75% of the total sample was collected on or near the breeding grounds of the specimens.
MEASUREMENTS
Thirty-eight skeletal measurements were taken with dial calipers to the nearest 0.1 mm by Storer. Most of these are standard and adequately de- ' Significance levels of species, sex, and interaction effects in two-way ANOVAs: O-P > 0.05; 1-P < 0.05; Z-P < 0.005; 3-P < 0.0005; 4-P < 0.0001. scribed by their names (Tables 2, 3) but some require more precise definition. Bill lengths were measured with rhamphotheca removed, "sternum width" was measured between the fourth incisurae intercostales on each side; "carpometacarpus height" was the maximum height of the bone perpendicular to the axis of the bone near the proximal end; widths of the appendicular elements were the maximal (proximal) widths perpendicular to the long axes of the bones; width of shaft of these bones was the least width perpendicular to the axis of the bone; "tibiotarsal shaft length" was the length of the shaft between the proximal articulating surface and the distal end of the bone; the "cnemial crest length" was the difference between the total length ofthe bone and the tibiotarsal shaft length, "patella length" was measured with the base of the element parallel to one arm of the calipers, and "patella width" was the maximal width at the base. Lengths of the pedal phalanges (excluding the ungual phalanges and digit I) were measured as depicted in Storer (1945) ; these were summed within digits to produce lengths of digits II, III, and IV. These analytical modifications resulted in the 3 1 variables used in the analyses.
In addition to these mensural data, the number of fused thoracic vertebrae forming the notarium and the number of free vertebrae between the notarium and the synsacrum were recorded. The numbers of these vertebrae show remarkable interspecific and modest intersexual variation in the Podicipedidae (Storer 1982) .
STATISTICAL ANALYSES
Univariate comparisons were performed using two-way analyses of variance (ANOVA) based on untransformed data and treating species and sex as fixed effects. If main effects were significant (F-tests, P -c 0.05), pairwise differences among groups using t-tests and Bonferroni critical levels (P < 0.05/K, where Kis the number ofequivalent pairwise comparisons considered) were examined. Variances of species-sex groups in univariate ANOVAs were compared using two-way Levene' s tests (T-values). Comparisons of proportions within the pelvic limb were performed using two-way ANOVA based on log-transformed ratios, the denominator being skeletal leg length (sum of lengths of femur, tibiotarsus, tarsometatarsus, and digit III).
Counts of fused and unfused thoracic verte- brae were compared among species and sexes using $-tests.
Prior to multivariate analyses, data from specimens were subjected to a program which replaces missing data (which resulted from bilateral breakage or other damage) with estimates based on stepwise regressions on available measurements for specimens of the same sex. Several measurements originally recorded (e.g., interorbital widths, and pedal digit I) were missing for too many specimens and were excluded from multivariate analyses. This procedure resulted in 319 estimates (2.8OYo of the measurements included in 3 1 -variable data set); 2 13 (67%) of the missing data were lengths of pedal phalanges, which were frequently lost from salvaged specimens. Canonical analysis, a multivariate technique which defines (sets of) mutually orthogonal axes that maximally separate predefined groups (e.g., species-sex or species-sex-age groups) relative to a pooled estimate of within-group multivariate variation (Pimentell979, Campbell and Atchley 198 l), was used to discriminate subsamples of specimens. Canonical analysis also provided associated classification functions which facilitate identification of specimens and permit an alternative assessment of group discrimination through jackknifed classification percentages; efficacy of these classifications (relative to random assignments) was tested using $-tests (Titus et al. 1984) .
Canonical contrasts, multivariate analyses of variances based on backstep-selected subsets of variables, permitted the quantification of (orthogonal) variance components attributable to particular grouping variables of interest (e.g., species, sex, species-sex interactions). Multivariate separation among groups was tested using Wilks' lambda, a maximum likelihood statistic with p, g-l, and n-p degrees of freedom (where p is the number of variables retained significantly in the specific test, g is the number of groups discriminated, and n is the total number of specimens in all groups). All canonical analyses (and associated statistics) were based on data transformed to natural logarithms. Corresponding standardized pairwise multivariate distances between group centroids were estimated using Mahalanobis' distances (0). Both Wilks' lambda and Mahalanobis' D were based on "statistically optimal" subsets of the 3 1 variables analyzed, subsets chosen through a backstep-selection procedure based on sequential F-tests (P < 0.05). Interpretation of the multivariate differences among groups (standardized for within-group covariance structure) was based on correlation coefficients between "sheared" skeletal measurements and scores on the stepwise canonical variates. "Sheared" measurements (Bookstein et al. 1985) are residuals of measurements after variance attributable to the first principal component of the pooled within-group (here, species-sex group) covariance matrix is removed. Relative contributions of interspecific and intersexual differences on each canonical variate were quantified through two-way ANOVAs of scores.
Clinal variation in measurements of Aechmophorus (Storer and Nuechterlein 1985) justified preliminary precautions to avoid confounding latitudinal variation with interspecific and intersexual differences. Two approaches were used: (1) a CA and subsequent MANOVAs in which eight sex-age-locale groups of A. occidentalis were distinguished; and (2) a CA and MAN-OVA of the four species-sex groups based on a sample from a single locale-Clear Lake, California.
All statistical procedures were accomplished using algorithms included in the Biomedical Computing Programs (Dixon 1985 ) and performed on an IBM 308 1 KX3 mainframe computer at the University of Kansas.
RESULTS

UNIVARIATE COMPARISONS
Interspecific dljferences. Approximately 40% of the skeletal measurements (18 of 45, including combinations of variables described above) differed significantly between A. occidentalis and A. clarkii in two-way ANOVAs (several are tabulated in Table 2 ). Interspecific differences in lengths of the postnarial maxilla, coracoid, humerus, ulna, carpometacarpus, proximal phalanx of the major alar digit, femur, and tibiotarsus, widths of the humerus, proximal end of the ulna, and distal end of the femur, and height of the carpometacarpus were highly significant (P < 0.0001); those of mandibular lengths, postacetabular lengths, femur widths, and tibiotarsus proximal widths (0.0005 < P < 0.005) and interspecific effects in lengths of the cnemial crest and tarsometatarsus were marginal (P < 0.05). In all significantly different dimensions, mean lengths of A. occidentalis exceeded those for A. clarkii. Statistically significant mensural differences between species (within sexes) averaged 2-5%.
Interspecific differences in variances of measurements were few. Within-sex variances were greater in A. occidentalis than in A. clarkii in coracoid lengths (T = 8.81; df = 1, 282; P -C 0.005), patella lengths (T = 7.79; df = 1, 279; P = 0.005), and tarsometatarsus distal widths (T = 8.39; df = 1, 282; P < 0.005), and marginally so (0.0 1 < P < 0.05) in tibiotarsus proximal widths and lengths of the proximal phalanx of pedal digit IV. The comparatively high variances in measurements ofA. occidentalis were due, in part, to the greater geographical diversity represented in the sample. Only preacetabular pelvic length manifested slightly higher within-sex variances in A. clarkii than in A. occidentalis (T = 5.03; df = 1, 281; P = 0.03).
Of all the possible comparisons of counts of fused and unfused thoracic vertebrae among species, sex, and age groups of Aechmophorus, only one pattern showed significant heterogeneity. In neither species were intersexual differences in numbers of fused (P > 0.15) or unfused (P > 0.08) thoracic vertebrae significant, which contrasts with the intersexual differences reported by Storer (1982) . Numbers of fused thoracic vertebrae (i.e., the number incorporated into the notarium) differed, however (x2 = 9.75; df = 2; P < 0.01) between species (sexes pooled). In A. occidentalis, 47 (22%), 155 (74%) and 7 (3O/o) of specimens had four, five, and six fused vertebrae, respectively; in A. clarkii, 31 (41%), 44 (58%), and 1 (1%) had corresponding counts. In brief, 4-and 5-vertebral notaria are of roughly equal frequency in A. clarkii, whereas 5-vertebral notaria were three times more numerous than 4-vertebral notaria in A. occidentalis.
Intersexual dtjerences. Intersexual effects in two-way ANOVAs were highly significant (P < 0.000 1) for all skeletal measurements (Table 2) ; dimensions of males averaged larger than those of females in both A. occidentalis and A. clarkii. Magnitudes of mean intersexual differences (within species) generally exceeded those between species (within sexes); species-sex interaction effects were significant in lengths of the humerus(P' =8.11;df= 1,219;P<O.O05)and mandible (P = 9.68; df = 1, 259; P < O.OOS), and marginally indicated (P I 0.05) in lengths of the ulna, carpometacarpus, femur, tibiotarsus, and second phalanx of pedal digit III, and widths of the sternum, patella, and distal end of the tibiotarsus. These interaction effects reflect a greater sexual dimorphism in A. clarkii than in A. occidentalis, except in distal widths of the tibiotarsus, in which a weak opposite pattern was suggested.
Intersexual differences in variances were few (two-way Levene' s tests). Mandible lengths and preacetabular pelvic lengths of both species, however, were significantly more variable in males than in females (P < 0.0005).
MULTIVARIATE COMPARISONS
Species-sex canonical analysis. A stepwise canonical analysis of 285 skeletons ofrlechmophorus of known species and sex revealed significant intergroup variation (Wilks' lambda = 0.067; df =11,3,281;P~0.001)basedon11variables significantly (P < 0.05) retained in the analysis. Subsequent stepwise MANOVAs documented highly significant intergroup variance associated with species effects (Wilks' lambda = 0.565; df = 8, 1,28 1; P < 0.00 l), sexual differences (Wilks' lambda = 0.143; df = 9, 1, 281; P (< 0.001) and species-sex interactions (Wilks' lambda = 0.867; df = 4, 1,281; P -K 0.001). Mahalanobis' distances (in three-dimensional canonical space based on step-selected variables) show that intersexual differences (within species) were more than twice as great as those between species (within sexes). Intersexual Ds were 5.12 and 5.97 for A. occidentalis and A. clarkii, respectively; interspecific Ds were 1.97 and 2.33 for males and females, respectively. Furthermore, as indicated by the Mahalanobis' Ds and species-sex interactions, sexual dimorphism is significantly greater in A. clarkii than in A. occidentalis. Classification functions based on the 11 -variable subset achieved 83.5% success in jackknifed assignments of skeletons among the four species-sex groups, a substantial improvement over random assignments (Z = 22.81; df = 285; P K 0.001); all but two of the 47 misclassifications (95.7%) were between species within the same sex. Jackknifed classifications to sex were highly successful: 175 of 176 (99.4%) in males, and 107 of 109 (98.2%) in females.
The first canonical variate (CV-I) accounted for 88.6% of the intergroup variance, and primarily separated the sexes in both species (ANO-VA of scores; F = 1,803.48; df = 1, 281; P < 0.000 l), with slightly greater sexual dimorphism indicated for A. clarkii (ANOVA of scores, interactioneffects; F= 6.39;df= 1,281; Pn 0.01). A lesser but highly significant separation of species also was achieved on CV-I (ANOVA of scores; F = 33.70; df = 1, 281; P < 0.0001). Correlation coefficients (Table 3) reveal that CV-I primarily contrasted bill length, interorbital width, coracoid length, and proximal width of the tarsometatarsus with length of the distal alar phalanx, width of the patella, and lengths of pedal digits II-IV. Positions of the species-sex clusters on CV-I indicate that males tend to have long bills, skulls with broad frontal regions, long coracoids, and robust tarsometatarsi relative to the distal-most element of the manus, patellar width, and lengths of their toes; opposite proportions characterized females (Fig. 1) .
The Single-sex classification functions. Stepwise discriminant analyses for males and females separately achieved jackknifed classification successes of 84. !OYo (2 = 9.05; df = 174; P < 0.001) and 86.2%(2= 7.56; df= 107; P K 0.001). The associated classification functions (Table 4) for these single-sex models permit identifications of species for a high percentage of skeletons ofAechmophorus of known sex using relatively few measurements. . The significant and complex interaction-effects reflect the nonadditivity of variances associated to the three factors, and therefore there was significant but unavoidable redundancy of variances attributed to each factor and the significance of the separate MANOVAs are therefore inflated. Pairwise F-statistics based on the overall CA revealed that six pairs of groups did not differ significantly (Bonferroni level for 28 comparisons; df = 15, 185; P > 0.002), including differences between age classes of males and females from the U.S. and between locale-groups of males and females. The comparatively small differences due to locale and age are indicated by the mean F-values of the four pairwise comparisons in which the other two factors are invariant; E = 3.10 for locale and P = 2.87 for age, whereas E = 17.85 for sex. Age effects also were assessed through MAN-OVA of age and age-sex interactions for A. occidentalis collected in Canada. Overall separation of sex-age groups remained highly significant (Wilks' lambda = 0.031; df = 10, 3, 98; P < 0.001) as did discrimination of sexes (Wilks' lambda = 0.148; df = 5, 1, 98; P < 0.001). Discrimination of age groups was clarified further (Wilks' lambda = 0.358; df = 4, 1, 98; P -+z 0.00 1); multivariate distances and substantial sexage interaction effects (Wilks' lambda = 0.792; df = 5, 1, 98; P -K 0.001) indicated that agerelated differences in Canadian A. occidentalis were roughly twice as great in males than in females.
DISCUSSION INTERSPECIFIC DIFFERENTIATION
Analysis of the 10 1 specimens collected from In spite of the confounding effects of age and Clear Lake, California substantiated significant geographic variation, there is strong evidence of overall dispersion of species-sex groups (Wilks' significant differences between mean skeletal di-mensions of A. occidentalis and A. clarkii (Fig.  1) (Zink 1982 (Zink , 1986 (Zink , 1988 Zink and Avise 1990 ). This discrepancy may be caused, at least in part, by the nongenetic effects of different environmental conditions during development (James 1983 , Zink 1986 (Table 2) , the magnitudes of these differences are not equal, resulting in subtle but reasonably consistent interspecific differences in skeletal proportions. These slight differences in relative sizes form the basis for multivariate discrimination (Tables 3, 4; Fig. l) , especially because canonical analysis standardizes among-group differences by pooled withingroup variance (which is predominantly "size" variation), but render confident functional interpretation difficult. In particular, the slight interspecific differences in proportions within the pelvic limb of Aechmophorus suggest differences in aquatic locomotion (Stolpe 1932 , Storer 197 1, Raikow 1985 . It is tempting to interpret the skeletal proportions of A. clarkii, most importantly the relatively longer tarsometatarsi and pedal digits of the species (Table 3 , CV-II), as "shape-specialized" for deeper dives, but the functional importance of these slight proportional differences may be overwhelmed by the differences in size and behavior in the two species (Table 1) . Moreover, these interspecific differences in skeletal proportions may be the simple developmental correlate of ontogenetic allometry and differences in adult body size (Gould 1966) . Similarly, the tendency for comparatively extensive fusion of thoracic vertebrae in A. occidentalis, a feature which undoubtedly favors spinal strength over flexibility, may simply be a reflection of a family-wide trend toward increased fusion with increasing body size (Storer 1982 Storer and Nuechterlein (1985) , was the primary source of skeletal variation in this analysis, significantly exceeding that attributable to interspecific differences (Table 2, Fig.  1 ). Rising and Schueler (1980) found the sexual dimorphism exceeded interspecific differences in wood-pewees (Contopus), and suggested that "sibling species" be defined as reproductively isolated populations in which this relationship obtains. The selection regime that underlies sexual dimorphism in Aechmophorus is not known, but a combination of generally hypothesized sources may apply, e.g., sexual selection (Selander The likelihood of intersexual differences in feeding niche is supported by the importance of relative bill size and curvature in sexual dimorphism of Aechmophorus (Rand 1952 , Selander 1966 ) and the observation that male A. occidentalis tend to catch and provide to chicks larger prey than their mates (Forbes and Sealy 1990). Equivocal observational evidence for intersexual differences in foraging, at least in A. clarkii, also has been reported (Forbes and Sealy 1988, Nuechterlein and Buitron 1989). Much of the skeletal dimorphism documented here was common to both species and summarized on the first canonical variate (Fig. 1) . The large, positive coefficients for the two bill measurements (Table  3 ) and the positive scores of males indicate that the bills of males are not only larger than those of female conspecifics, but disproportionately so. This sexual difference in shape of the feeding apparatus, the significantly greater skeletal sexual dimorphism of A. clarkii (largely reflected by the third canonical variate; Table 3), the comparatively local and semicolonial distribution of A. clarkii (Ratti 1979, 198 l) , and the possibility that A. clarkii routinely performs deeper dives than A. occidentalis (Nuechterlein 198 1 a; but see Ratti 1985) , suggest that Clark' s Grebe may be more specialized in feeding niche than its larger congener.
